Context. The formation of massive stars (M>10 M , L> 10 3 L ) is still not well understood. Accumulating a large amount of mass infalling within a single entity in spite of radiation pressure is possible if, among several other conditions, enough thermal energy is released. Despite numerous water line observations, over a broad range of energies, with the Herschel Space Observatory, in most of the sources observations were not able to trace the emission from the hot core around the newly forming protostellar object. Aims. We want to probe the physical conditions and water abundance in the inner layers of the host protostellar object NGC7538-IRS1 using a highly excited H 2 O line. Water maser models predict that several THz water masers should be detectable in these objects. We therefore aim to detect for the first time the o-H 2 O 8 2,7 − 7 3,4 line in a star forming region, which model calculations predict to show maser action. Methods. We present SOFIA observations of the o-H 2 O 8 2,7 − 7 3,4 line at 1296.41106 GHz and a 6 16 − 5 23 22 GHz e-MERLIN map of the region (first-ever 22 GHz images made after the e-MERLIN upgrade). In order to be able to constrain the nature of the emission -thermal or maser -we use near-simultaneous observations of the 22 GHz water maser performed with the Effelsberg radiotelescope and e-MERLIN. A thermal water model using the RATRAN radiative transfer code is presented based on HIFI pointed observations. Molecular water abundances are derived for the hot core. Results. The o-H 2 O 8 2,7 − 7 3,4 line is detected toward NGC7538-IRS1 with one feature at the source velocity (-57.7 km s −1 ) and another one at -48.4 km s −1 . We propose that the emission at the source velocity is consistent with thermal excitation and is excited in the innermost part of the IRS1a massive protostellar object's closest circumstellar environment. The other emission is very likely the first detection of a water THz maser line, pumped by shocks due to IRS1b outflow, in a star-forming region. Assuming thermal excitation of the THz line, the water abundance in NGC7538-IRS1's hot core is estimated to be 5.2 × 10 −5 with respect to H 2 .
Introduction
Massive stars, despite their rarity, are important constituents of galaxies and produce most of their luminosity. The complex and still not clearly defined evolutionary sequence ranges from massive pre-stellar cores, high-mass protostellar objects (HMPOs), hot molecular cores, and finally to the more evolved Ultra Compact HII (UCHII) region stage, where the central object begins to ionize the surrounding gas (e.g., Beuther et al. 2007; König et al. 2017) . The classification adopted above is of course not unique. The molecular material in star-forming regions has a large range of temperatures and number densities (10 − 2000 K and 10 4 − 10 9 cm −3 ), with different chemical characteristics. Water is a key molecule for determining the physical and chemical structure of star-forming regions because of large abundance variations between warm and cold regions. In cool molecular clouds, water is mostly found as ice on dust grains, but at temperatures T >100 K the ice evaporates, increasing the gas-phase water abundance by several orders of magnitude (Fraser et al. 2001; Aikawa et al. 2008 ). At temperatures above ∼ 250 K, all gas-phase free oxygen may be driven into H 2 O, increasing its abundance to ∼ 3 × 10 −4 (van Dishoeck et al. 2011 ).
Major progress in our understanding of interstellar water and star formation has been made with the Herschel Space Observatory 1 . The guaranteed-time key program WISH (Water In Starforming regions with Herschel, van Dishoeck et al. 2011 ) probed massive-star forming regions using water observations. To collapse, the gas must be able, among several other conditions, to release enough thermal energy; a major WISH goal was to determine how much of the cooling of the warm regions (T >100 K) is due to H 2 O. In particular, the dynamics of the central regions has been characterized using the water lines and the amount of cooling provided has been measured. Herschel observations of many water lines made with the high-spectral resolution Heterodyne Instrument for the Far Infrared (HIFI, de Graauw et al. 2010 ) allowed observers to perform some kind of tomography of the whole protostellar environment and, hence, to probe the physical conditions and estimate the water abundance from a few 100 AU to a few 10000 AU from the star (see Herpin et al. 2016) . Nevertheless, the observational evidence for water abun-dance jumps close to the forming stars that heat up their environs are still scarce (e.g. van der Tak et al. 2006; Chavarría et al. 2010; Herpin et al. 2012 Herpin et al. , 2016 . While the outer abundance for the HMPOs studied in the WISH program is well constrained and estimated to be a few 10 −8 in all sources, the inner abundance varies from source to source between 0.2 and 14 ×10 −5 (Herpin et al. 2016) . Observing water lines involving high enough energy levels will allow us to probe the physical conditions and water abundance in the inner layers of the protostellar environment and thus to address this problem. One main difficulty is that up to now it has been impossible to (i) spatially resolve the region where the water jump occurs and (ii) to probe this region with the help of high excitation, optically thin lines.
Since the end of the Herschel mission, only the Stratospheric Observatory for Infrared Astronomy (SOFIA 2 , Young et al. 2012 ) allows us to observe water in the THz frequency range. Interestingly, some of the THz water lines could even be masing. The H 2 O excitation model of Neufeld & Melnick (1991) as well as the works of Yates et al. (1997) and, more recently, of Daniel & Cernicharo (2013) and Gray et al. (2016) which incorporate the most recent collisional excitation rates of water with ortho-and para-H 2 , all make important predictions of masing transitions in the supra-THz region. Several transitions could be masing that have frequencies within the L1 and L2 channels of the German Receiver for Astronomy at Terahertz Frequencies (GREAT 3 , Heyminck et al. 2012 ) on SOFIA (Heyminck et al. 2012) . In particular, three predicted o-H 2 O masing transitions and one p-H 2 O masing transition fall in the 1.25-1.50 THz range. Only one o-H 2 O transition, 8 2,7 − 7 3,4 at 1296.41 GHz, could be observed at the flying altitude of the SOFIA observatory (transmission 62%), the other ones being absorbed by the remaining atmosphere. Emission from this transition involves an upper energy level at 1274.2 K, and can probe the gas deep enough into the inner layers of the hot core. We note that Neufeld et al. (2017) have just reported the first detection of the 8 2,7 − 7 3,4 masing line toward an evolved star.
We have selected NGC7538-IRS1, the best studied massive object from our WISH program (Herpin et al. 2016; van der Tak et al. 2013) , which has already been observed in the 22 GHz maser line and exhibits strong thermal water lines. NGC7538-IRS1 is a relatively nearby (2.65 kpc, Moscadelli et al. 2009 ) UCHII object in the complex massive star-forming region NGC7538 surrounded by a molecular hot core. The 22 GHz H 2 O masers associated with it exhibit a complex spatial distribution and the strongest and main concentration of the maser features (see Kameya et al. 1990; Surcis et al. 2011) is found in the direction of IRS1. Untill recently (see Beuther et al. 2013 ) the central source was thought to be an O6 star (30 M , L 8 × 10 4 L ) forming one single high-mass Young Stellar Object (YSO). New interferometric observations of the methanol masers (Moscadelli & Goddi 2014) have demonstrated that NGC7538-IRS1 actually consists of three individual highmass YSOs named IRS1a, IRS1b, and IRS1c within 1600 AU. Note that IRS1a, b, and c are associated with the methanol maser clusters labeled by Minier et al. (2000) B+C, A, and E, respec-2 This work is based in part on observations made with the NASA/DLR Stratospheric Observatory for Infrared Astronomy (SOFIA). SOFIA is jointly operated by the Universities Space Research Association, Inc. (USRA), under NASA contract NAS297001, and the Deutsches SOFIA Institut (DSI) under DLR contract 50 OK 0901 to the University of Stuttgart 3 GREAT is a development by the MPI für Radioastronomie and the KOSMA/Universität zu Köln, in cooperation with the MPI für Sonnensystemforschung and the DLR Institut für Planetenforschung tively. The most massive YSO is IRS1a, with ∼25 M and a quasi-Keplerian disk of ∼1 M which dominates the bolometric luminosity of the region. Another massive (≤ 16 M ) and thick disk orbits around the less massive (a few M ) IRS1b object. The third source, IRS1c, is likely to be a massive YSO too.
Several bipolar outflows or jets emanating from IRS1 region in multiple directions have been identified and characterized. A North-South free-free ionized jet with an opening angle ≤ 30
• has been observed by Sandell et al. (2009) as well as a strong accretion flow toward IRS1 (Ṁ∼ 2 × 10 −3 M /yr). Several studies have characterized the NW-SE (PA = −50
• , Qiu et al. 2011) CO outflow now thought to originate from IRS1a (Moscadelli & Goddi 2014) . In addition, a NE-SW outflow with PA = 40
• has been observed by Beuther et al. (2013) . An outflow driven by IRS1b and collimated by its rotating disk has also been observed (Moscadelli & Goddi 2014) . The presence of jets/outflows and strong accretion flows makes this shocked region an ideal place for exciting masers.
In this paper we report an observational study of the NGC7538-IRS1 region. The o-H 2 O 8 2,7 − 7 3,4 emission was observed with the GREAT instrument onboard SOFIA. In addition, the 22 GHz water maser emission was observed using the Effelsberg telescope 4 and e-MERLIN interferometer 5 . In section 2 we describe the observations, and in section 3, we present the observational data. In section 4 we discuss the nature of the detected THz water emission. In section 5 we discuss the region kinematics and physical conditions, and in section 6 we summarize the results of our study.
Observations and data reduction

SOFIA observations
Observations in singlepoint chopping mode of the 8 2,7 − 7 3,4 line of ortho-H 16 2 O were carried out toward NGC7538-IRS1 (α J2000 = 23 h 13 m 45.3 s , δ J2000 = +61
• 28'10.0") as part of SOFIA Cycle 3 project on 2015 December 9, using GREAT. At the systemic velocity of NGC7538-IRS1, the system temperature was typically 2000 K (SSB) and signal-band zenith opacity 0.08. The on-source integration time was 20 min. The chop throw was 100 to either side of the on-source position (chop-nod method). One channel (L1) of GREAT was tuned to the 1296.41106 GHz water line frequency (lower sideband LSB), the other channel, the LFA (Low Frequency Array) 7 pixel array, was tuned to the [CII] 158 µm line. The [CII] line was detected but a discussion of these results will be presented elsewhere. We employed the digital 4GFFT spectrometer (Klein et al. 2012 ) that analyzed a bandwidth of 1.5 GHz with a spectral resolution of 0.283 MHz (0.056 km s −1 ). Data have later been smoothed to 1.129 km s −1 . The rms of the spectra is 90 mK at this latter spectral resolution.
Data have been processed with the latest version of the GREAT calibrator and converted from the T * A scale (η f = 0.97) into main beam temperature units, T MB , applying the main beam coupling efficiency η mb = 0.69 for the L1 channel. The conversion factor Jy/K to be applied on the T * A data is 971 Jy/K. The half-power beam width is 20.6 at this frequency. All spectra have been calibrated for the transmission in the signal band and the continuum level correction for double-sideband reception 
Effelsberg observations
In order to constrain the maser models, and because of the variability of the maser emission, nearly contemporaneous observations of the 6 16 − 5 23 transition of ortho-H 2 O (rest frequency 22.23508 GHz) were carried out on 2015 December 11 (integration time on source of 15 min) with the MPIfR 100-m telescope at Effelsberg, Germany. The half power beamwidth was 39 and the pointing accuracy was, on average, 4 . We used the 1.3 cm double beam secondary focus receiver (K/Jy conversion factor of 1.6) with the XFFT backend in high resolution mode (32768 channels with a spectral resolution of ∼0.04 km s −1 ). Data have been smoothed to 0.1 km s −1 and the rms noise at this resolution is 37mJy. System temperature was 190 K. All data have been calibrated in Jy; the calibration parameters were derived by continuum observations of suitable flux density calibrators. The main beam efficiency is 0.64. The calibration uncertainty is about 10-15%.
e-MERLIN observations
Interferometric observations of the same source of the ortho-H 2 O 6 16 − 5 23 line emission were performed with e-MERLIN (commissioning observations) on 2016 April 20. These were the first-ever 22 GHz images made after the e-MERLIN upgrade. Four telescopes were used, the longest baseline being 217 km, with the 25-m Mark 2, Darnhall and Pickmere telescopes and the 32-m Cambridge telescope. At the assumed distance of 2.7 kpc, the synthesized beam of 20 mas corresponds to a spatial resolution element of approximately 54 AU, but the positions of individual bright maser components can be fitted with a relative accuracy ∼ 1 AU.
The observations were made in full Stokes parameters (although only the parallel bands have been processed, giving total intensity images). One spectral window (spw) of 4 MHz was centred on the 22.23508 GHz maser line (adjusted for the source velocity immediately prior to observations), divided into 512 channels giving a spectral resolution of 0.105 km s −1 , total useful span ∼50 km s −1 . Two similar spw were placed either side (but turned out not to contain any emission). A single 125 MHz spectral window (also with 512 channels) was placed overlapping these for calibration. The pointing position of α J2000 = 23 h 14 m 01.749 s , δ J2000 = +61
• 27'19.80" was used for NGC 7538, which was approximately observed 10 hr on target, in 6-min scans interleaved with the phase reference source J2302+6405. The quasar 3C84 was used to provide the bandpass correction and flux scale, with a flux density in 2016 April of 37 Jy (measurements kindly provided by Lähteenmäki, Metsahovi, private communication). The LSR (Local Standard of Rest) correction was applied to the line data before self-calibration and imaging.
The calibration was performed in CASA, and final imaging and component fitting in AIPS. The position of the brightest maser was established as a reference position before selfcalibration. Test image cubes were made at coarse resolution to look for masers within ∼1.5 arcmin radius of the pointing centre (within the half-power point of the primary beam). Four fields were imaged at full resolution, covering all the emission identified, see Table 1 .
The e-MERLIN beam at 22 GHz is not yet fully characterised. We made images without primary beam correction, and then fitted 2D Gaussian components to each patch of emission above 4 σ rms (rejecting components isolated in fewer than 3 channels or any obvious sidelobes of brighter components). We estimated the primary beam corrections using a scaled VLA beam, and divided the measured fluxes by the factors given in Table 1, with uncertainties increasing with distance from the pointing centre. The most distant fields were also slightly affected (< 10%) by time smearing.
The noise σ rms is ∼ 20 mJy in quiet channels for fields close to the pointing centre (IRS 1-3), rising to double that in the most distant fields. The sparse visibility plane coverage means that the brighter channels are severely dynamic-range limited, with σ rms typically 10% of peaks, or even more in more remote fields. The astrometric position accuracy is a few tens milli-arcsec (mas); A&A proofs: manuscript no. paper_astroph the relative accuracy depends on the signal to noise ratio and is < 1 mas for all but the faintest or most remote components.
HIFI observations
NGC7538-IRS1 was part of the WISH GT-KP sample. Fifteen water lines (see Table A .1) were observed with the HIFI spectrometer on-board Herschel Space Observatory in the pointed (or mapping) mode at frequencies between 547 and 1670 GHz in 2010 and 2011 (list of observation identification numbers, obsids, are given in Table A .1) toward NGC7538-IRS1 (same coordinates as for SOFIA observations). For the pointed observations, the Double Beam Switch observing mode with a throw of 3 has been used. The off positions have been inspected and do not show any emission. The frequencies, energy of the upper levels, system temperatures, integration times, and rms noise levels at a given spectral resolution for each of the lines are provided in Table A .1. Data were taken simultaneously in H and V polarizations using both the acousto-optical Wide-Band Spectrometer (WBS) with 1.1 MHz resolution and the digital auto-correlator or HighResolution Spectrometer (HRS). Calibration of the raw data into the T A scale was performed by the in-orbit system (Roelfsema et al. 2012 ). Conversion to T mb was done using the beam efficiency 7 given in Table A .1 and a forward efficiency of 0.96. The flux scale accuracy is estimated to be between 10% for bands 1 and 2, 15% for band 3, 4, and 20 % in bands 6 and 7
1 . Data calibration was performed in the Herschel Interactive Processing Environment (HIPE, Ott 2010) version 14. Further analysis was done within CLASS. These lines are not expected to be polarized. Thus, after inspection, data from the two polarizations were averaged together. Because HIFI is operating in doublesideband, the measured continuum level has been divided by a factor of 2 in the Figures and the Tables (this is justified because the sideband gain ratio is close to 1). Note that the p-H 2 O 5 24 -4 31 line is suffering from strong baseline and ripples problems.
Analysis
The THz water emission
The ortho-H 16 2 O 8 2,7 − 7 3,4 line emission is detected toward NGC7538-IRS1 with SOFIA. As shown in Fig. 1 , the line profile exhibits two features at -57.7±0.6 and -48.4±0.5 km s −1 where 22 GHz emission is also observed (see Fig. 2 ). From Gaussian fitting the S/N ratio of the integrated lines at -57.7 and -48.4 km s −1 is 5.5 and 3.2, respectively. Hereafter the -57.7 and -48.4 components will be named features (1) and (2) (Csengeri et al. 2012 ). On the contrary, feature (2) is centered at a velocity different from the generally adopted source velocity. In addition the line is narrower by a factor of 2. The nature of these water components is discussed in Sect. 4.
The 22 GHz single-dish observation
Several velocity components of the 22 GHz water maser line are seen in the Effelsberg spectra (see Fig. 2 ). All lines are narrow with a width of the order of 1 km s −1 or less. Two main groups of lines can be distinguished: one made of three strong lines close to the source velocity (∼ −(56 − 60) km s −1 )) and another one with two lines centrered at -45.1 and -48 km s −1 . These lines are highly variable with time (on a several months timescale) as shown by Felli et al. (2007) from their long-term monitoring observations. Nevertheless, most of the time the ∼ −60 km s −1 feature is the strongest maser line.
According to the existing 22 GHz maser maps and our e-MERLIN map (see next Section) all of these maser components are associated to IRS1-3. The non-detections of more distant masers are due to the fact that the Effelsberg telescope's primary beam is less that 1/3 that of e-MERLIN.
Map of the 22 GHz maser emission
The entire e-MERLIN map, shown in Fig. 3 , encompasses the highly luminous infrared sources IRS1-3, IRS9, and IRS11 which were first identified by Werner et al. (1979) . We have identified 286 individual features which can be gathered into 109 groups based on their peak velocity and coordinates. All these groups are reported in Table B .1 where their position, peak flux density S ν , peak velocity, and velocity range are given. We have compared our maser positions with the work of Galván-Madrid et al. (2010) , taking into account the proper motions from Moscadelli & Goddi (2014) , µ RA = -2.45 mas/yr and µ DEC = -2.45 mas/yr. Both maps are consistent. Our Figs. 3 and 4 around IRS1-3 and IRS11 show maser positions very close to those labeled M and S in Table 2 of Galván-Madrid et al. (2010) and shown here as green crosses. Moreover, the total size of the image around IRS1-3 (12 , a size comparable to the SOFIA beam at 1.3 THz) has been used to synthesize the e-MERLIN 22 GHz spectrum which we compare on Fig. 2 with the line profile obtained at Effelsberg in order to verify the flux density scale (e-MERLIN data are commissioning data), and to check that the interferometer is detecting all the flux. Both line profiles are very similar except from the apparent negative feature in the -63.5 to -64 km s −1 velocity range due to residual sidelobes arising from strong IRS11 emission in this velocity range. The maser variabil-F. Herpin, et al.: First detection of THz water maser in NGC7538-IRS1 with SOFIA and new 22 GHz e-MERLIN maps ity over this short time period (4 months) is thus not significant and all the flux is detected.
We detect 68 maser groups for IRS11, some of them very bright with S ν well above 100 Jy, spanning a velocity range from -44.75 to -65.08 km s velocities from -45 to -63 km s −1 (see Fig. 3 and Table B .1). The feature "E" observed by Kameya et al. (1990) with V LS R = −63.3 km s −1 at α J2000 = 23 h 13 m 42.51 s , δ J2000 = +61
• 27'45.1", i.e. at offset ∼ −20 and −25 , is much further from this new spot.
A first zoom of the IRS1-3 region is shown in Fig. 4 . The IRS3 source lies to the NW with offsets respective to IRS1 of -5.5 and 2.5 in RA-DEC, respectively. Two main groups are detected for IRS3, they are moderately bright (14-88 Jy) and span a small velocity range (from ∼ -56 to -58 km s 
Nature of the THz water emission
Spatial origin
Considering the SOFIA beam size ( 21 ) and the approximate 12 square size of the image made by e-MERLIN (primary beam, see Table. 1) towards IRS1-3 (see Fig. 3 and 4) , the Table 2 . Observed line emission parameters for the detected lines with HIFI toward NGC7538-IRS1. T mb is the peak temperature with continuum. T cont is the real continuum temperature (single sideband). is the Gaussian component peak velocity. ∆ is the velocity full width at half-maximum (FWHM) of the narrow, medium, and broad components. The opacity τ is from absorption lines. -water in IRS1 North or IRS3 can give rise to feature (1), -only IRS1 North exhibits 22 GHz maser emission at velocities (∼ −48.4 km s −1 ) similar to feature (2) THz emission.
At the scale of Fig. 5 , we can see that sizes of the respective emitting regions for maser features around -48 and -58 km s −1 are comparable, but not spatially coincident. Maser spots at velocities similar to THz feature (2) emission are located 0.2 NorthEast of the high-mass YSO IRS1a and even more than 0.1 East of the massive protostar IRS1b. We also conclude that a similar beam dilution of both maser features is obtained with the Effelsberg 22 GHz beam ( 39 ).
Thermal or maser?
Thermal modeling
All water lines observed toward NGC7538-IRS1 with HIFI are shown in Fig. 6 . A detailed analysis of three low-J H A Gaussian fit to these line profiles (see Table 2 ) indicates, depending on the line, three velocity components: a narrow (3.2-4.6 km s −1 ), a medium (5.1-9.3 km s −1 ), and a broad (> 12.2 km s −1 ) velocity component. The physical origin of these components (attributed to a dense core, an envelope, and an outflow) has been discussed in several papers (e.g. Herpin et al. 2016 ). All of these components in NGC7538-IRS1 are globally centered at a velocity similar to that of the THz feature (1), i.e. ∼ −57 km s −1 . No emission is detected at -48 km s −1 , which is thus a first indication of the non-thermal origin of this emission.
Following the method of Herpin et al. (2012 Herpin et al. ( , 2016 , we have modeled all water line profiles in a single spherically symmetrical model using the 1D-radiative transfer code RATRAN (Hogerheijde & van der Tak 2000) . The envelope temperature (20-1130 K) and number density (1.1 × 10 5 − 3.8 × 10 8 cm −3 ) structure for the hot core is from van der Tak et al. (2013) . This analysis assumes a single-source within the HIFI beam, hence encompassing the IRS1-3 substructure. The outflow parameters, intensity and width, come from our Gaussian fit (see Table 2 ) for the broad component. The envelope contribution is parametrized with the water abundance (outer χ out for T < 100 K, inner χ in for T > 100 K, assuming a jump in the abundance in the inner envelope at 100 K due to the evaporation of ice mantles), the turbulent velocity (v turb ), and the infall velocity (v in f ). We adopt the following standard abundance ratios for all the lines: 4.5 for H Considering that the width of the velocity components is not the same for all lines (see Table 2 ), a model with equal turbulent velocity for all lines does not fit the data well. The best result (see Fig. 6 ) is obtained with a turbulent velocity of 1.5-2.5 km s −1 (5.5 km s −1 is even needed for the doubtful p-H 2 O 5 24 -4 31 line) for H 16 2 O, depending on the modeled line, and 2.5 km s −1 for the rare isotopologues lines. No infall is needed at the scale probed by the HIFI lines. All modeled lines are centered at roughly −57.4 ± 0.5 km s −1 . Modeling of the entire set of observed lines constrains the water abundance, but only a few lines are optically thin enough to probe the inner part of the envelope. We hence derive H 16 2 O abundances relative to H 2 of 8 × 10 −6 in the inner part and of 2 × 10 −8 in the outer part. We have then applied the results of the above thermal model to feature (1) of the THz o-H 2 O 8 2,7 − 7 3,4 line (we do not see any thermal line corresponding to feature 2), assuming the same abundance and v turb = 2.5 km s −1 . Figure 7 shows that we do not reproduce the observed line, the intensity being only half what is observed. Actually, we can perfectly reproduce feature (1) with an increased water inner abundance of 5.2×10
−5 (see blue line in A&A proofs: manuscript no. paper_astroph Adopting now the water inner abundance deduced from our modeling of the o-H 2 O 8 2,7 − 7 3,4 line, we have modeled again the HIFI water thermal lines (in blue on Fig. 6 ). The result is less satisfactory, specially for the p-H 2 O 5 24 -4 31 (but this observation suffers from line ripples and the baseline determination is also affected by methanol line blending) and rare isotopologue lines. This might reflect the limitations of our symmetrical 1-D model. It is also possible that the 8 2,7 − 7 3,4 line detected by SOFIA emanates from the inner part of the hot core whilst the water lines observed with HIFI are from somewhat cooler regions further out. Thus, a temperature gradient could explain our results with- Fig. 7 . SOFIA spectra of the o-H 2 O 8 2,7 − 7 3,4 line showing for feature (1) the best-fit thermal model in red from our HIFI data (see Fig. 6 ) and a model adopting a water inner abundance of 5.2 × 10 −5 (blue profile). out requiring a higher water abundance throughout the region. On the other hand, feature (1) of the 1296 GHz water line and the H 18 2 O 3 13 − 2 20 line can be well matched by a thermal emission profile if the water abundance is increased. Nevertheless, nonthermal effects cannot be excluded: our RATRAN model could miss a non-thermal contribution at 1296 GHz which, in that case, would be on the order of 50%.
Maser modeling
We have made quasi-contemporaneous observations of the potentially masing o-H 2 O 8 2,7 − 7 3,4 transition at 1296 GHz and of the 22 GHz maser line to provide line intensity ratios enabling us to estimate the physical conditions leading to these maser emissions. Line intensity ratios are less dependent on the cloud geometry, and in the saturated regime such ratios tend to be independent of the exact ratio of the beaming angles which should then be close to one.
We estimate the 1296/22 opacity ratio from the recently published models of Gray et al. (2016) . These models incorporate 411 levels and 7597 radiative transitions, the most recent collision rates, and line overlap effects. Even if these models have been done primarily for evolved stars, the broad physical parameter space (including T dust rising from 50 K to 350 K) that has been explored can be used for the conditions considered here. There is a significant overlap between conditions supporting the 22 GHz and 1296 GHz masers, e.g. both could come from gas above 1000 K with o-H 2 O number densities between 10 4 and 2 × 10 5 cm −3 (i.e. n H 2 ∼ 3 × 10 9 − 6 × 10 10 cm −3 , taking 3 × 10 −5
as standard conversion factor from n(H 2 O) to n(H 2 ), Gray et al. 2016) . However, strong 1296 GHz maser emission is obtained for a relatively narrow range of physical conditions, typically T K around 1000 to 3000 K and n H 2 O around 10 4 −10 5 cm −3 , while 22 GHz masers are excited within 500 to 3000 K and for a broader range of H 2 O densities up to several 10 5 cm −3 . Compared to the 22 GHz inversion, the 1296 GHz inversion is biased toward higher values of T K and it is lost with increasing dust temperatures, namely a low value of T dust , around 50 K, is preferred. Actually, the dust temperature is unlikely to be much above 50 K in shocked gas. Assuming T dust = 50 K, Gray et al. (2016) predict τ(1296)/τ(22) ∼ 1.9. This ratio does not result from specific conditions representing the observed source. It is, instead, the ratio of the maximum 1296 GHz depth to the maximum found at 22 GHz from models covering a large parameter space. Saturation is not accounted for in this ratio either. Nevertheless, the 1.9 ratio suggests that the flux density and brightness temperature at 1296 GHz can be several times that at 22 GHz. To compare features (1) and (2) to our model predictions we derive the line peak ratios from Fig. 8 where all spectra have been smoothed to the same spectral resolution. We derive S(1296)/S(22) = 1.2 and 7.4 for features (1) and (2), respectively, but cannot directly estimate the brightness temperature of the 1296 GHz emission since its spatial extent is unknown. At -48 km s −1 , feature (2) is definitely much brighter in the 1296 GHz line than at 22 GHz. This is in agreement with maser conditions suggested from the 1.9 opacity ratio above. We further note that feature (2) is nearly 2.5 times narrower than feature (1) suggesting again that the former is not thermal. Assuming that the 1296 and 22 GHz emissions have a similar spatial extent we derive from the observed S(1296)/S(22) = 7.4 at -48 km/s,
and, because the condition T b (22) of order of or greater than 10 6 K is easily met at 22 GHz (e.g., Elitzur et al. 1992) , we get T b (1296) greater than 2200 K, i.e. suprathermal emission. We stress that deriving an exact value for T b (1296) is impossible since we have no spatial information. But using the e-MERLIN resolution of 20 mas as an upper limit to the beamed size of maser spots gives T b in the range > 10 6 to > 10 9 K, with a mean value of > 3 × 10 7 K. In fact, the beamed area of maser spots is likely to be at least two orders of magnitude smaller, giving an average T b at least 10 9 K. This lower limit to T b strongly suggests, but does not prove, the maser nature of this emission.
Our conclusion is thus that feature (2) water emission is likely a maser. The absence of typical narrow substructure in the line profile could just be due to the low S/N (and spectral resolution) hiding it. Observing with some instrument that has much higher spatial resolution at 1296 GHz would be the only way to definitely prove it is a maser.
Discussion
Water content
Depending on the excitation of the o-H 2 O 8 2,7 − 7 3,4 line, purely thermal or not, we have shown that the water inner abundance might differ by more than one order of magnitude in NGC7538-IRS1's hot core. From the integrated fluxes measured for the lines (considered in this study) at least partly in emission, we have derived the water luminosities, and then have estimated, assuming isotropic radiation, that the minimum total HIFI water luminosity is 0.6 L (equal to the sum of all individual observed luminosities). Even if the true water emission from the inner parts might be much greater, the cool envelope absorbs much of the emission. This confirms the low contribution of water cooling to the total far-IR gas cooling compared to the cooling from other species (Karska et al. 2014; Herpin et al. 2016) . Moreover, from the modeling, and assuming that feature (1) water emission is purely thermal, we estimate the total water mass in the envelope to be 10 −3 M and that 93% of this mass resides in the inner parts, to be compared with 2 × 10 −4 M and 69% in the case of a non-thermal contribution.
Kinematics and Geometry of the region
The previous section suggests that the THz water feature (1) is consistent with thermal excitation (even if a non-thermal contribution is possible) while feature (2) could be masing. Different physical conditions, i.e. a different spatial origin, could explain these different behaviours. According to Gray et al. (2016) , this could be for instance explained by a higher dust temperature in the region where the -57 km s −1 water is excited compared to the -48 km s −1 region (the o-H 2 O 8 2,7 − 7 3,4 inversion is lost with increasing dust temperature).
When plotting over our 22 GHz e-MERLIN map the 6.7 GHz methanol maser spots and the location of high-mass YSO IRS1a and b from Moscadelli & Goddi (2014) , the -48 km s −1 22 GHz maser spots appear located close to the IRS1b source while the -57 km s −1 ones are associated to the IRS1a source. Interestingly, Moscadelli & Goddi (2014) , based on NH 3 maps, explain that the gas surrounding IRS1b (a less evolved source) has a lower temperature than that observed toward IRS1a which is a more massive and evolved YSO, with T lower than 250 K. Hence, higher temperature in IRS1a might be less suitable for water maser emission at 1296 GHz. But more likely IRS1a could collisionally quench the maser if the number density is too high. We have estimated the critical density (at T = 50 K) corresponding to the 1296 GHz transition to be 5×10 7 cm −3 . The gas in the core of IRS1a is thus so dense (number densities up to a few 10 8 cm −3
can be reached in the inner part, see Sect 4.2.1) that it begins to quench the maser action. The maser spot distribution as derived from our e-MERLIN map provides new information when compared to previous published works. Figure 5 shows the spatial location of the 22 GHz maser features and the 6.7 GHz methanol masers of Moscadelli & Goddi (2014) . According to these authors, the two individual high-mass YSOs, IRS1a and b, lie at the center of a line of methanol masers tracing disks with position angles of PA = +71
• and −73 • , respectively. The strongest "blue" (i.e. v ≤ −56 km s −1 ) maser spots we detect can be associated to IRS1a, others being distributed roughly along a line with PA = −25
• and another with PA = −50
• . Some similar linear distribution with PA = −52
• was seen by Surcis et al. (2011) who suggested that these water masers were almost aligned with the CO NW-SE outflow, elongated 0.3 pc from IRS1a with PA = −40
• (Kameya et al. 1990; Gaume et al. 1995; Qiu et al. 2011) . They proposed the water masers are pumped by a shock caused by the interaction of the outflow with the infalling gas (observed at scales ≥1000 AU, Beuther et al. 2013) . Actually, the e-MERLIN map shows water masers following this NW-SE axis of the CO outflow but at slower velocities compared to what Qiu et al. (2011) observed in CO (-78;-64 km s −1 ). These H 2 O maser spots might either trace the cavity of the outflow, i.e. a cone with an opening angle of ∼ 25
• and PA −40 • , or trace two different outflows originating from IRS1a, the outflow at PA = −25
• being almost perpendicular to the disk.
Maser spots whose velocity is close to the THz feature (2) (i.e. -44;-50 km s −1 ) are located NW from IRS1a and W from IRS1b. They are distributed also along a line with PA +28
• , i.e. NE-SW, which can be associated with the outflow observed by Beuther et al. (2013) in HCO + (4-3) with PA 40
• . Moreover, the NH 3 (Moscadelli & Goddi 2014) , OCS, CH 3 CN, and 13 CO (Zhu et al. 2013) observations show a velocity gradient in the same direction (PA ∼ 30 − 40
• ) with line emission at velocities similar to our feature (2) emission in this NE region. Moscadelli & Goddi (2014) explain this "red-shifted" NH 3 features toward the NE by an outflow driven by IRS1b and collimated by its rotating disk. Hence, as proposed above on the basis of a too high temperature towards IRS1a, we propose that the THz feature (2) is a maser, not associated with IRS1a, and pumped by shocks driven by the IRS1b outflow.
Conclusions
SOFIA observations toward NGC7538-IRS1 of the o-H 2 O 8 2,7 − 7 3,4 line emission are presented. Two separate velocity features are detected, one is associated with the source velocity (-57.7 km s −1 ), and another one lies at -48.4 km s −1 . Combining these observations with near-simultaneous observations of the 6 1,6 − 5 2,3 masing transition of ortho-H 2 O at 22 GHz with the Effelsberg telescope and with the e-MERLIN interferometer, we discuss the nature of these THz emission features.
A thermal water model based on HIFI observations can reproduce the 8 2,7 − 7 3,4 line component at the source velocity if the water inner abundance is increased by more than an order of magnitude to 5.2 × 10 −5 , compared to what is estimated by the "HIFI alone" model. In addition, the observed brightness ratio (1296/22) for both features is compared to the maser predictions and lead us to conclude that while the THz emission feature at the systemic velocity is mostly thermal, the -48.4 km s −1 feature is likely masing.
We argue that the two line components do not arise from the same location, i.e. different physical conditions could explain these different natures. The thermal emission is excited in the innermost part of the IRS1a protostellar massive object and is an excellent probe of the water reservoir in the inner part of the hot core. We suggest that the maser emission is associated with shocks driven by the IRS1b outflow. Notes. a All offsets are relative to the position RA=23h13m45.364s, DEC= +61
• 28'10.550"). The uncertainty is less than 0.003 .
